Abstract. Neurosurgery always results in neuroinflammation, which may activate microglial cells. Previous studies have demonstrated that fentanyl could be used for the induction or maintenance of anesthesia prior to surgery. However, it is unknown if fentanyl attenuates neuroinflammation prophylactically. Cell viability in groups that were treated with different concentrations of fentanyl (0.01, 0.1, 1 or 5 µmol/l) was analyzed by an MTT assay. BV-2 microglial cells were treated with lipopolysaccharide (LPS) at a concentration of 1 µg/ml to mimic neuroinflammation in vitro. BV-2 cells were pretreated with 5 µmol/l fentanyl prior to stimulation by LPS. The protein levels of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-10 in the culture medium were assessed by ELISA. The mRNA level of toll-like receptor (TLR)4 was evaluated by reverse transcription-quantitative polymerase chain reaction analysis. The protein levels of TLR4, glycogen synthase kinase (GSK)-3β and phosphorylated (p)-GSK-3β in BV-2 cells were assessed by western blot analysis. The MTT assay demonstrated that low concentrations of fentanyl (0.01, 0.1 or 1 µmol/l) did not affect the cell viability of BV-2 cells, while 5 µmol/l fentanyl significantly reduced BV-2 cell viability. The results of ELISA revealed that LPS significantly upregulated the release of TNF-α, IL-1β and IL-10, which were repressed by fentanyl pretreatment. Fentanyl pretreatment significantly reduced the LPS-induced elevation of TLR4 at mRNA and protein levels as well as p-GSK-3β protein levels in BV-2 cells. In conclusion, fentanyl pretreatment protects BV-2 cells from LPS-induced neuroinflammation by inhibiting TLR4 expression and GSK-3β activation. Neuroinflammation induced by surgery serves an important role in the development of postoperative cognitive dysfunction (POCD) and targeting the TLR4 and GSK-3β signaling pathway may provide a novel therapeutic approach for the treatment of POCD.
Introduction
Inflammation is a process that is associated with the adherence and invasion of leukocytes to injured or infected tissues. It is modulated by a number of mediators including cytokines, chemokines, prostaglandins and substance P (1). The central nervous system (CNS) was reported to respond to peripheral inflammatory stimuli by initiating a local inflammatory response, also known as neuroinflammation (2) . There are numerous critical features in the development of neuroinflammation, including glial activation, the accumulation of pro-inflammatory cytokines and the expression of adhesion molecules (1, 3, 4) .
Neuroinflammation is inflammation in the peripheral nervous system and the CNS. Excessive inflammatory responses activate microglia, leading to the release of pro-inflammatory factors, including interleukin (IL)-1β, IL-6 and tumor necrosis factor-α (TNF-α). In turn, pro-inflammatory factors can aggravate neuroinflammatory reactions, neuronal degeneration and brain function. A large number of clinical and animal studies have demonstrated that neuroinflammation is closely associated with mental and neurodegenerative diseases (5) . Non-steroidal anti-inflammatory drugs are commonly used to treat neuroinflammation (6, 7) . To the best of the authors' knowledge, no previous studies have investigated the effects of analgesic drugs on neuroinflammation.
As a glycolipid that is a major component of the outer leaflet of the outer membrane in Gram-negative bacteria, lipopolysaccharide (LPS) is commonly applied in the study of neuroinflammation in microglia (8, 9) . LPS activates several cellular responses, which accelerate the release of pro-inflammatory cytokines (10) . The BV-2 microglia cell line exhibits properties associated with inflammation following treatment with 1 µg/ml LPS, although the cell viability is not affected (11, 12) . Therefore, LPS was adopted as the stimulant of inflammation in BV-2 cells in the present study.
Fentanyl, a high-potency opiate, is widely prescribed to treat acute and chronic pain (13, 14) . The mechanisms responsible for the analgesic effects of fentanyl have been extensively investigated (15) (16) (17) . It has been well documented that inflammation results in pain (18, 19) . It remains unknown whether fentanyl attenuates neuroinflammation in BV-2, therefore the effect of fentanyl on LPS-induced neuroinflammation in BV-2 cells and its molecular mechanisms were investigated in the present study.
Materials and methods
Cell culture. BV-2 cells, purchased from the American Type Culture Collection (Manassas, VA, USA), were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin in an incubator at the temperature of 37˚C with 95% humidity and 5% CO 2 . Fentanyl (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was dissolved in 0.1% dimethyl sulfoxide (DMSO) to avoid toxicity in BV-2 microglial cells and a corresponding amount of 0.1% DMSO without fentanyl was added to the cells of the control group. The cells were also kept in the dark during each experiment.
MTT assay. BV-2 microglial cells were seeded in 96-well plates at a density of 5x10 3 cells/well. Following treatment with various concentrations of fentanyl (0.01, 0.1, 1 and 5 µmol/l) for 24 h, cells were cultured in fresh DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin and 5 mg/ml MTT for another 4 h. The blue formazan products in cells were dissolved in DMSO. The optical density of the reaction medium was determined at 570 nm using a microplate reader.
ELISA. Levels of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-10 in the supernatant of the BV-2 cell culture, obtained by centrifugation (15 min; 1,000 x g; 2-8˚C) were measured using TNF-α (MTA00B), IL-1β (MLB00C) and IL-10 (M1000B) ELISA kits (all R&D Systems, Inc., Minneapolis, MN, USA) in accordance with the manufacturer's protocol. BV-2 microglial cells were seeded in 96-well cell culture plates and fentanyl pretreatment was added to the medium with or without 1 µg/ml LPS (from Escherichia coli strain 055:B5; Sigma-Aldrich; Merck KGaA). The TNF-α level was determined 6 h after LPS stimulation (20) , while IL-1β and IL-10 levels were determined 24 h after LPS stimulation (21) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
The toll-like receptor (TLR)4 mRNA level in BV-2 cells reaches the highest level at 4 h after LPS stimulation, as previously reported (22) . Thus, in the current study, the same time point was selected for RT-qPCR. RNA was isolated from BV2 cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). Analysis was performed using the Maxima First Strand cDNA Synthesis kit for RT-qPCR with dsDNase (Invitrogen; Thermo Fisher Scientific, Inc.). For the RT reaction 10X dsDNase Buffer (1 µl), dsDNase (1 µl), total RNA (1 µg) and nuclease-free water to a total volume of 10 µl were incubated for 2 min at 37˚C. Then, 5X Reaction mix (4 µl), Maxima Enzyme Mix (2 µl) and nuclease-free water (4 µl) were added and the mixture was incubated for 10 min at 25˚C followed by 15 min at 50˚C. Following RT, qPCR was performed in 96-well plates with the ABI PRISM ® 7000 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The qPCR reaction mixture contained the following: cDNA (0.5 µg), forward primer (0.5 µM), reverse primer (0.5 µM), 50X ROX reference dye (0.5 µl), 2X master mix (25 µl) and water to 50 µl. The thermocycling conditions were as follows: Initial denaturation 95˚C for 15 min; followed by 40 cycles of denaturation at 94˚C for 10 sec, annealing for GAPDH at 62˚C and for TLR4 at 55˚C for 30 sec, extension at 72˚C for 30 sec; and a final extension at 72˚C for 10 min. The relative amount of TLR4 was measured using the 2 -∆∆Cq method (23) . The primers were as follows: TLR4, 5'-TGG TTG CTG TTC TTA TTC TGA TTT G-3' (forward) and 5'-GAC CCA TGA AAT TGG CAC TCA T-3' (reverse); GAPDH, 5'-TCC TGC ACC ACC AAC TGC TTA GCC-3' (forward) and 5'-GTT CAG CTC TGG GAT GAC CTT GCC-3' (reverse). GAPDH was used as the endogenous control to normalize TLR4.
Western blot analysis. Cells were lysed with 0.5 ml radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China) and the concentration of protein was determined using an Enhanced BCA Protein Assay kit (P0010; Beyotime Institute of Biotechnology). Protein samples (20 µg) from the lysates were separated by 10% SDS-PAGE and blotted onto polyvinylidene fluoride membranes. Membranes were blocked with 5% skimmed milk or 5% bovine serum albumin (Beyotime Institute of Biotechnology) for phosphorylated (p-) protein for 1 h at room temperature. Membranes were then treated with primary antibodies against TLR4 (1:1,000; sc-293072; Sigma-Aldrich; Merck KGaA), GSK-3β (1:1,000; sc-71186; Sigma-Aldrich; Merck KGaA), p-GSK-3β (1:1,000; sc-373800; Sigma-Aldrich; Merck KGaA) and β-actin (1:1,000; sc-58673; Sigma-Aldrich; Merck KGaA) at 4˚C overnight. Following three rinses with Tris-buffered saline and Tween-20, membranes were treated with horseradish peroxidase (HRP)-conjugated secondary antibody (mouse anti-Armenian hamster IgG-HRP; 1:10,000; sc-2789; Sigma-Aldrich; Merck KGaA) at room temperature for 1 h. Bands were visualized by an enhanced chemiluminescence kit (Sigma-Aldrich; Merck KGaA). β-actin was used as an endogenous control. Image pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used for densitometry.
Statistical analysis. Data are presented as the mean ± standard deviation. Data were analyzed by one-way analysis of variance followed by the Schefffe post-hoc test. Analyses were conducted using SPSS 12.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Low concentrations of fentanyl do not induce cytotoxicity in BV-2 cells.
The cell viability of BV-2 cells was assessed by an MTT assay. BV-2 cells that were treated with 0.01, 0.1 or 1 µmol/l fentanyl demonstrated no significant reduction in cell viability compared with the control group. However, 5 µmol/l fentanyl significantly decreased cell viability by 36% compared with the control group (P<0.05; Fig. 1) . Consequently, 5 µmol/l fentanyl was selected for subsequent experiments.
Fentanyl pretreatment suppresses the LPS-induced elevation of IL-1β, TNF-α and IL-10 in BV-2 cells.
The levels of IL-1β, TNF-α and IL-10 that were released from BV-2 cells were assessed by ELISA (Fig. 2) . Released cytokines were not affected by treatment with 5 µmol/l fentanyl alone in BV-2 cells. Compared with the control group, 1 µg/ml LPS significantly elevated the release of IL-1β, TNF-α and IL-10 (P<0.001; Fig. 2 ). Pretreatment with 5 µmol/l fentanyl significantly decreased the LPS-upregulated release of IL-1β, TNF-α and IL-10 compared with the LPS stimulated group (P<0.01; Fig. 2 ).
LPS-induced upregulation of TLR4 mRNA level is suppressed by fentanyl.
An RT-qPCR analysis was conducted to detect the mRNA level of TLR4 in BV-2 cells. No significant differences in the mRNA level of TLR4 were identified between the control group and the fentanyl alone treatment group (Fig. 3) . Compared with the control group, the mRNA level of TLR4 was significantly elevated by LPS stimulation (P<0.01; Fig. 3 ). Fentanyl pretreatment significantly decreased the LPS-induced upregulation of TLR4 mRNA by 38% compared with the LPS stimulated group (P<0.05; Fig. 3 ).
LPS-induced upregulation of the TLR4 protein level is repressed by fentanyl.
A western blot analysis was performed to detect the TLR4 protein level in BV-2 cells (Fig. 4A) . No significant difference in the TLR4 protein level was identified between the control group and the fentanyl alone treatment group (Fig. 4B) . The TLR4 protein level was significantly elevated by LPS stimulation compared with the control group (P<0.01; Fig. 4B ). Fentanyl pretreatment significantly downregulated the LPS-induced increase of TLR4 protein level compared with the LPS stimulated group (P<0.05; Fig. 4B ).
Fentanyl pretreatment further promotes LPS-induced inactivation of GSK-3β
. p-GSK-3β and total GSK-3β expression levels were evaluated by western blot analysis (Fig. 5) . No obvious differences in the total GSK-3β protein level were identified between the four groups. No significant differences in the p-GSK-3β protein level were identified between the control group and the fentanyl alone treatment group. Compared with the control group, LPS significantly increased the level of p-GSK-3β protein (P<0.01; Fig. 5B ), which was further and significantly promoted by fentanyl pretreatment compared with the LPS stimulated group (P<0.05; Fig. 5B ).
Discussion
The current study revealed that pretreatment of 5 µmol/l fentanyl inhibited the LPS-induced release of IL-1β, TNF-α and IL-10, as well as the mRNA and protein levels of TLR4 in BV-2 cells. This process was associated with an increased p-GSK-3β protein level.
The upregulation of IL-1β and TNF-α is reported to be stimulated by LPS, thus they are involved in the progression of systemic inflammation and organ failure (24, 25) . Conversely, IL-10 may have the ability to repress the synthesis of multiple pro-inflammatory cytokines (26) . The released levels of IL-1β, TNF-α and IL-10 were detected in different treatment groups. The results demonstrated that, compared with the control group, LPS elevated the release of IL-1β, TNF-α and IL-10, which was inhibited by fentanyl pretreatment. Emerging evidence demonstrated that fentanyl serves an important role in regulating the levels of IL-1β, TNF-α and IL-10 in LPS-induced neuroinflammation. However, the corresponding molecular mechanisms that were responsible for the aforementioned effects remained unclear. Consequently, further experiments were performed to establish the molecular mechanisms.
TLRs are primarily expressed by immune and immune-like cells, including granulocytes, monocyte macrophages, NK, T and B cells, and evolved to detect danger signals. TLR1, TLR2 and TLR4 are reported to respond to nerve injury, they are upregulated in the CNS, and are positively associated with the production of pro-inflammatory cytokines TNF-α and IL-1β (27) . TLR4 knockout mice and rats that were intrathecally administered with TLR4 antisense oligonucleotides exhibited downregulated spinal microglia activation and spinal pro-inflammatory cytokines, and reduced neuropathic pain (28) . TLR4 is expressed specifically by microglia (29) , while LPS is an agonist to TLR4 (30) . In a previous study, internalization of TLR4 generated microglial cells that were less sensitive to LPS, resulting in decreased TNF-α production in BV-2 cells (31). Elevated TLR4 expression was deemed to take part in the progression of inflammation-associated organ injury (32) . Thus, the mRNA and protein levels of TLR4 in BV-2 cells were assessed in the current study. The results demonstrated that, in comparison with the control group, TLR4 levels were higher in the LPS stimulated group. Fentanyl pre-administration reduced the LPS-induced elevation of TLR4 levels compared with the LPS stimulated group. Nonetheless, the downstream molecule of TLR4 remained unknown.
Inactivation of GSK-3β was demonstrated to negatively affect the release of pro-inflammatory cytokines in response to TLR4 stimulation (33, 34) . The protein levels of p-GSK-3β and total GSK-3β were examined in the current study. The results revealed that the protein level of total GSK-3β was not obviously different between the four groups. However, the protein level of p-GSK-3β was higher in the LPS stimulated group compared with the control group, and pre-administration of fentanyl led to further elevation of p-GSK-3β compared with the LPS stimulated group.
In summary, a possible novel treatment for neuroinflammation was proposed. The results of the current study suggested that fentanyl pre-treatment exhibits a protective role during LPS-induced inflammation, via the targeting of the TLR4/p-GSK-3β signaling pathway, ultimately inhibiting pro-inflammatory cytokines. Neuroinflammation induced by surgery serves an important role in the development of postoperative cognitive dysfunction (POCD) and targeting the TLR4/p-GSK-3β signaling pathway, which may provide a novel therapeutic approach for the treatment of POCD. Figure 3 . LPS-induced upregulation of TLR4 mRNA level was suppressed by fentanyl. TLR4 mRNA levels were assessed using reverse transcription-quantitative polymerase chain reaction analysis. GAPDH was used as the endogenous control. BV-2 cells were either untreated, or treated with 5 µmol/l fentanyl, 1 µg/ml LPS or fentanyl followed by LPS. 
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